Microscopic characteristics of an aqueous excess proton in a wide range of thermodynamic states, from low density amorphous ices (down to 100 K) to high temperature liquids under the critical point (up to 600 K), placed inside hydrophobic graphene slabs at the nanometric scale (with interplate distances between 3.1 and 0.7 nm wide) have been analyzed by means of molecular dynamics simulations. Waterproton and carbon-proton forces were modelled with a Multi-state Empirical Valence Bond method. Densities between 0.07 and 0.02Å −3 have been considered. As a general trend, we observed a competition between effects of confinement and temperature on structure and dynamical properties of the lone proton. Confinement has strong influence on the local structure of the proton, whereas the main effect of temperature on proton properties is observed on its dynamics, with significant variation of proton transfer rates, proton diffusion coefficients and characteristic frequencies of vibrational motions. Proton transfer is an activated process with energy barriers between 1 and 10 kJ/mol for both proton transfer and diffusion, depending of the temperature range considered and also on the interplate distance. Arrhenius-like behavior of the transfer rates and of proton diffusion are clearly observed for states above 100 K. Spectral densities of proton species indicated that in all states Zundel-like and Eigen-like complexes survive at some extent.
(75 words.) Snapshots of local configurations around the pivot water carrying the excess proton confined inside the graphene slab 1.5 nm wide, at different thermodynamic states (left to right): T = 100, 300 and 500 K.
INTRODUCTION
Proton transfer (PT) in aqueous media is a widespread fundamental process in nature and technology, playing an important role in fields such as water autoionization, 1 molecular mechanisms related to the human immunodeficiency-1 protease virus, 2 nicotine activation in water media, 3 molecular reactions in aerosols 4 or in energy conversion processes like photosynthesis or in cellular respiration, 5 to mention just a few. In bulk water and bulk ice there are solid indications that protons are not transported by ordinary diffusion, but by special conduction mechanisms such as the transfer mechanism initially suggested by Von
Grotthuss long time ago [6] [7] [8] and consisting of the continuous jump of the proton through the wires created by hydrogen bonds (HB), where each oxygen atom simultaneously passes and receives a single hydrogen atom. After recent findings from both experimental and theoretical studies, a modern image of the lone proton has arisen. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . From this image, there is a general consensus that for bulk water proton dynamics is directly associated with dynamics of the HB network of water.
Nevertheless, aqueous proton transport processes occurring in complex, strongly confined environments, are not yet fully understood. In many cases proton conduction takes place in confined volumes, such as in the case of PT along biomembranes, 24 in small embedded water nanopools within proteins and peptides, 27 for excess protons near alumina surfaces 28 or through water channels like those of nafion membranes in hydrogen fuel cells. [29] [30] [31] The understanding of proton conduction in confined geometries is thus essential to comprehend and ultimately control a wide variety of biological and technological systems of fundamental and practical interest. Despite the large scientific and industrial relevance of PT, the mechanisms of proton conduction are still a largely unexplored area of research. The main reason for this missed knowledge is essentially the limited number of experimental techniques sufficiently sensitive to probe proton conductivity in confined spaces, and also the lack of accurate predictions coming from theory and simulation. Up to date, it has been observed that when confined in restricted geometries, microscopical properties of the proton also suffer drastic changes from those at bulk states.
At the surroundings of the lone proton we should expect significant differences with local coordination shells of pure liquids, ices and vapors. However, since the calculation of the phase diagram of the water model employed in this work out of the scope of this paper, we will consider a series of equally distributed thermodynamical states from low density amorphous (LDA) ices to dense liquids at variable densities and temperatures and explore the influence of such factors on the structural and dynamical characteristics of PT. We should point out that given the complexity of the phase diagram of water 32, 33 , studies of microscopical characteristics of aqueous lone protons are usually reported only for selected simulations by Bankura and Chandra 39 indicate that when water is strongly confined in two-dimensional environments, the lone proton is likely to be solvated as the Eigen cation and that PT rates are significantly lower than in the quasi-one-dimensional case.
It should be pointed out that spectroscopical data have been very valuable for the interpretation of the PT phenomenon. So, for instance, characteristic signatures of Zundel and Eigen species have been observed in photoevaporation of weakly bound argon by means of photofragmentation mass spectroscopy and compared to ab-initio data at MP2 level 40, 41 , with overall good agreement. On the other hand, infrared spectroscopy of protonated benzene-water nanoclusters 42 suggested local ordering of the first water shell around the proton. Summarizing, despite that there is plenty of information on microscopic properties of lone protons in water, the influence of a variety of factors on them, from variations in thermal energy to hydrophobicity effects, is still far from well understood. Based on a previous work on computer simulations of excess protons confined in narrow nanometric channels at room conditions 43 , we will report in the present paper a thorough analysis of the influence of both temperature and confinement on systems such as protons in LDA ices and in hot water, in order to get further information of local structures and dynamics of the lone proton.
METHODOLOGY
In this study we employed a MS-EVB approach to model the quantum nature of proton, observed through its delocalization, together with MD techniques which allowed us to monitor the trajectory of all particles in time. Although this combined methodology has been widely used to study chemical reactivity in solution 11, 14, 17, 19, 26, [43] [44] [45] [46] [47] [48] [49] [50] [51] , we will describe the most important details of the methodology below.
First, it is important to note that quantum effects may be described with several methods, essentially depending on the amount of quantum degrees of freedom present in the system under study. However, full quantum calculations such those performed with as ab-initio or path integral methods are extremely expensive for systems containing, say, more than 32 molecules (see for instance discussion in Ref. 23 ). In our case, the system consists of a single quantum-like particle (the proton) in a classical bath of 125 solvating waters, where methods such as MS-EVB are very appropriate. MS-EVB methods assume that a Born-Oppenheimer potential energy surface 0 ({R}) is driving the dynamics of the nuclei with coordinates {R} and it can be obtained from the lowest instantaneous eigenvalue of the EVB Hamiltonian:
where we have considered (as it will be in most of the forthcoming formulas) the criterion of summation over repeated indexes. The HamiltonianĤ EVB ({R}) is represented in terms of a basis set {|φ i } of diabatic (localized) VB states. In the present setup, the diabatic states are associated to configurations with the H + attached to a given oxygen. The ground-state
It can be expanded as a linear combination of diabatic states as:
leading to the following potential energy surface:
Finally, dynamics of the nuclei of mass M k is governed by the following Newton's equation of motion:
In the framework of EVB methods, i coefficient (Eq.1). From this state, the list of participating VB states was reconstructed each time step using the procedure described above. After the EVB matrix was formed, ground-state eigenvectors and Hellmann-Feynman forces were given by:
All simulation experiments corresponded to microcanonical runs at the average temperatures of T = 100, 200, 300, 400, 500 and 600 ± 20 K. Fluctuations in the total energy were of about 1 % of the averaged value for all simulated systems. In particular, at 300 K and for the interplate distance of 1.5 nm, the average in total energy was of < E >= 175.2 ± 1.4
kcal/mol, with a contribution from the excess proton of 25.8 ± 0.2 kcal/mol and from the bath of 149.1 ± 1.3 kcal/mol. The average in temperature was of < T >= 298.3 ± 1.6 K.
No drift of total energy was observed in all cases.
In order to keep the HB network formed up to some extent (and, eventually to have the possibility of PT episodes at all states) we increased the density of the system from 0.02Å According to the phase diagram of the rigid TIP3P model 33 the state at 300 K correspond to liquid water and those of 200 and 100 K to low density amorphous ices (LDA) ices.
However, these assignments are only approximate, since (1) our model includes flexibility of the molecular bonds and (2) the pressure in our system fluctuated within a range up to 15% of the mean value. Temperature variations were always small (within 3%). States over 300 K (400 to 600 K) have not been evaluated for the present model, but we believe that at the pressures considered in this work, all of them will correspond to liquid or very dense vapor states. Finally, our time step was set to ∆t = 0.5 fs for all simulations. We considered equilibration periods of approximately 20 ps, followed by trajectories of more than 0.25 ns, used to obtain meaningful statistical properties. Long ranged forces (Coulomb interactions)
were handled by Ewald sum techniques 55 , using a uniform neutralizing background charge in all cases. This is satisfactory enough for a system including a small charge as the lone proton, whereas in extended systems such as proteins of membranes in water the use of a counterion would be in order 56 .
RESULTS and DISCUSSION
Local structure of the hydrated proton
In a similar fashion as it happens when a solvated ion in water produces a large anomaly in the tetrahedral structure of the bulk liquid, the presence of an excess proton also creates a disruption in its local hydrogen-bond structure. When a PT event occurs, the structure around the lone proton changes dramatically and three relevant complexes may arise: the proton attached to a single water (single hydronium, It is commonly accepted that PT is the result of the continuous interconversion of the three above mentioned structures, with percentages of each depending on the thermodynamic conditions of the system. In most cases, continuous interconversions between the Zundel and Eigen complexes generate a hybrid (
Each transfer of the lone proton between two water molecules will involve changes in pivot oxygen-water oxygen (O * -O) and pivot oxygen-water hydrogen (O * -H) distances and changes of the local hydrogen connectivity pattern between the complex at its closest solvation shells.
We expect that both temperature and confinement will have observable effects on the local proton structure. As usual we can analyze solvation structures by means of local pivot oxygen-water (O,H) density fields given by:
where r O * is the coordinate of the instantaneous pivot oxygen and r Analysis of the oxygen pivot-hydrogen water density profiles is based on ρ O * H (r) at the right side of Fig.1 . Here, in all cases, we found main peaks located around r = 3Å, in a close fashion as it was recently reported from ab-initio and quantum-classical simulations 39 . As a general trend the height of this peak diminishes as temperature increases. At the lowest temperature such peak includes exclusively the six hydrogen atoms contained in the first solvation shell of the hydronium. As temperature increases the width of this band becomes larger (the first minimum shifts by 0.25Å) and the averaged number of hydrogen atoms indicated by coordination numbers raises to ∼ 9 − 10. At 100 K the structure of water hydrogens around the pivot oxygen enhances, suggesting a tendency of the system to evolve towards a solid-like configuration for all considered interplate distances. Finally, we didn't find any evidence of pivot acceptor hydrogen bonding of the type O-H· · · O, formed by means of the lone sp3 orbital of the acceptor oxygen, in the usual way of most of studies of confined water.
To provide a visual perspective of the local structure of the protonated water, we report selected snapshots of molecules around the lone proton having the largest weighting coefficients c i (of the order of 15-25 molecules) for the intermediate distance d = 1.5 nm at temperatures of 100, 300 and 500 K. From this picture we can observe that the proton together with its local environment (first water shell) mostly consist of a three coordinated Eigen cation, which keeps the proton separated from the graphene layers. We couldn't find any configuration where the hydronium was in direct contact with the surface. Conversely, for the closest d = 0.7 nm case, some configurations of the proton show it in direct interaction with the carbon walls, whereas for the d = 3.1 nm case, the local structure is more populated and the proton tends to be around the central part of the system (see Fig.1 of Ref. 43 ). 
Proton transfer dynamics

Proton transfer rates
The rough picture of PT dynamics described from Fig.3 cannot provide a quantitative estimation of PT rates. However, we may improve the calculations using time correlation functions. In order to do this, we need to ensure that PTs are sufficiently frequent to collect statistics. This happened in all cases for the full length of our simulations (250 ps). The general form of equilibrium time correlation functions for the population relaxation of different reactant species is as follows 50, 64 :
where proton transfer rates k p can be extracted from the long time slope of C(t):
Correspondingly, average mean residence time of the proton in a pivot water are estimated
Full results for all the thermodynamical states considered in this work are reported in Table 1 . We observe a general trend for all cases: relaxation times of C(t) are systematically reduced when the system is heated up from LDA ice states (100 and 200 K) to sub-critical high temperature states (500 and 600 K). This means that proton transfer rates increase and, equivalently residence times τ rsd decrease. The comparison between the three interplate separations reported in the present work indicates a clear trend of PT slowdown when the distance becomes smaller. Further, the numerical values obtained for the widest distance of 3.1 nm are quite similar to those found for the unconstrained systems (see Table   1 ) and close to the values reported by Bankura Fig.5 and explored the tendency to Arrhenius-like dependence and obtain the eventual activation energies E k for PT. We assumed the following dependence of the proton transfer rate with temperature
where A is a proportional factor and k B is Boltzmann's constant. 
Diffusion of the lone proton
The calculation of diffusion coefficients in small systems can produce finite size effects. This is especially true in pure, bulk systems with isotropy along all three spacial directions (see for instance the work by Yeh and Hummer 70 ). When an interface is present, a suitable way to obtain the diffusion coefficient of a particle is by means of the projection of normal and parallel components of the atomic velocities 71 . However, in the present case the proton it has been shown (section ) that it tends to stay not in direct contact with the interface. Finally we should point out that proton's diffusion benefits from Grotthuss mechanism, operating through the HB network. Consequently, the relevant factor for diffusion is the existence of HBs formed between the proton and the surrounding water molecules. This fact has been corroborated in all cases, even in the closest separation of 0.7 nm.
So, in the present MD+MS-EVB simulations the self-diffusion coefficients of aqueous protons D p were obtained from long time slopes of mean square displacements of the proton coordinate r p , following Einstein's relationship:
where the proton coordinate was defined as a weighted sum of the coordinates of the L pivot molecules 50 r i pvt :
In the present case, as it was considered before 43 , the systems under study allow some mobility of the proton species along the Z-direction so that we kept the factor 1 6 in the formulas instead of the factor 1 4 considered in pure 2D simulations 39 . As our reference, we know that diffusion coefficients of aqueous protons at ambient conditions are about four times those of neat water: The experimental value of 0. highly mobile solute at ambient conditions into a much slower particle at lower temperatures.
As it has been pointed out, transport properties of the proton are similar to those of a small cation such as Li + , whose diffusion coefficient is about 0.1Å 2 /ps at 298 K 19 . In the range of high temperatures (400 to 600 K), the behavior tends to remain more stable, with changes up to a factor 3 in the most extremal case (again for d = 0.7 nm) where diffusion rises from 0.27
at 300 K to 0.93Å 2 /ps at 600 K. So we obtain a more important influence of temperature over confinement in the proton diffusion. In contrast to the findings reported by Petersen et al. about the mobility of a proton near to the vapor interface 75 , in our simulations the single proton does not show the same tendency. We believe that this fact is probably due to the combination of two effects: (A) in the work by Petersen et al. 75 the hydrophobic interface was the vacuum, whereas in our case we deal with a graphene sheet. Both surfaces are clearly of different nature, with the hydrophobicity of vacuum being milder than that of carbon surfaces, since in the former case there were no repulsive forces acting on the proton and in the latter, the interaction proton-carbon is strongly repulsive at short distances; (B)
in our simulation experiments, we deal with important pressure gradients along Z-direction due to the presence of the graphene sheets, what produces a reduction of the proton diffusion and, presumably, a tendency to move in trajectories on planes parallel to the interfaces, as it was observed to happen in bulk water 76 .
In the same fashion as for PT rates, we can consider proton diffusion as an activated process (see Fig.7 ) and evaluate linear fits of ln D + p as a function of T −1 , including or excluding the case of 100 K, which turns out again to be the most controversial (see Table 2 ). In this case the overall fits (continuous lines) render activation energies slightly smaller than those from fits up to 200 K (dashed lines). However, the values are always in the range 2.5 to 6 kJ/mol. These values are in general very far from experimental findings reporting activation energies of water self-diffusion, between 14 and 70 kJ/mol for water at ice surfaces and in bulk, respectively 67 . We observed that the Arrhenius-like behavior is more marked for the cases excluding the 100 K set.
Spectral densities of the proton. Vibrational modes
The widest employed experimental tools for the study of the microscopic vibrations of water are Raman and infrared spectroscopy. Infrared spectra are obtained by absorption coefficients α(ω) or by means of the imaginary part of the dielectric constant, ε (ω) 77 . These are quantum properties that can be naturally incorporated to the MD-EVB framework by using the absorption lineshape function I(ω), i.e. the Fourier transform of the time derivative of the dipole momentμ(t) 48, 78 . However, these functions may include oscillations that eventually reduce the quality of the spectral densities obtained from MD. Another approach that has been proved useful is the computation of velocity autocorrelations of the lone proton
where proton velocities v p (t) can be obtained directly from the time derivative of its position r p :
Using Eqs. (10) and (11) and taking Fourier transforms we can obtain vibrational densities of states S p (ω) 49 :
With this procedure, we have computed S p (ω) for a variety of thermodynamic states considered along the present work. For the sake of clarity, not all states have been included in Fig.8 , only those showing significant features. All C p (t) have been computed up to 0.5 ps, time long enough to capture all relevant proton vibrations and safely shorter than the proton residence time (see Table 1 ), in order to make sure that the proton is attached to a given pivot oxygen during the whole period of calculation of C p (t). As the general fact, we will report the relevant modes of vibration of the proton inside a hydronium K. These reference spectra are very helpful to interpretate the existence of those distinctive species at the different states.
A common feature observed in the spectra of the excess proton in all cases is the series of maxima between 300 and 4000 cm −1 . These maxima are structured into two separated ranges: one between 500 and 2000 wavenumbers and a another between 2000 and 4000 wavenumbers. Since the proton is attached to one, two or three water groups, the frequency band and maxima will account for individual (proton) and collective vibrational modes, associated to hydronium, Zundel-like or Eigen-like vibrations. As the interplate distance becomes smaller, the number of relevant maxima tend to increase. In the case of d = 0.7 nm the number of maxima is significantly larger than at lower d and this might indicate that size effects due to the reduced space along Z-axis have been somehow captured.
Assuming that the bands located below 1000 cm −1 are typical of librational modes in water 79, 80 and not characteristic of proton vibrations, we will focus our analysis on the maxima located (for the gas phase) around (see top of wavenumbers may be attributed to the existence of the solvated Zundel complex; the band at 2600 cm −1 is clearly due to the Eigen cation, whereas the maximum around 3200-3300 cm −1 is the signature of the OH stretch for the proton when shared by two waters (Zundel structure) 83 . At condensed phases as those analyzed here, we can expect that all frequencies suffer a red shift towards lower values, in the same fashion as it happens to hydrogen vibrations in neat non-protonated water (see for instance
Ref. 84 ). The effect of confinement becomes important only when the interplate distance is of (or below) 1.5 nm. In such cases, changes in the spectral bands are observed, with a tendency of bands (A) and (B) to blue-shift by some 100-200 wavenumbers and to red-shift by 100 wavenumbers by band (C).
2. The effect of the temperature seems to be not important at the widest interplate separation (d = 3.1 nm) but it has some influence at d = 1.5 nm and it definitely affects the spectral bands when d = 0.7 nm. In such a case, LDA ice (200 K) shows a red shift of the signature band at 2400 cm −1 , whereas at temperatures of 400 and 500 K, the tendency is reversed and the shift tends to be towards higher values.
3. About Zundel-like bands, the lowest frequency one located at 1880 cm −1 in gas phase is absent in the liquid and LDA ice spectra, whereas the band at higher frequency around 3500 cm −1 appears at low frequencies in all cases. It shows a tendency to split, very marked for d = 0.7 nm, indicating the existence of Zundel dimers or, equivalently, the breaking of Eigen groups at the strongest confinement.
CONCLUSIONS
In the present study, a thorough analysis of the structure and dynamics of an excess proton in a wide range of temperatures ranging from LDA ices to liquid water up to sub-critical high-temperature states has been reported. We employed MD simulations together with MS-EVB calculations, in order to construct a suitable Hamiltonian for the semi-classical system, formed by a quantum-like particle (the lone proton) embedded in a sea of purely classical flexible TIP3P waters. Our findings have revealed the enhancement of the local structure of the proton in LDA ices and its progressive reduction as temperature rises. At the lowest temperature (100 K), the environment of the proton typical of ambient conditions consisting of a mixture of Zundel and Eigen-like structures has evolved to a network of water clusters mainly formed by Zundel and Eigen complexes with enhanced directionality, as it can be deducted from our spectroscopical data. The proton in unconstrained LDA environments remains trapped in an hydronium complex for long time intervals, with a transfer time of more than 50 ps, whereas at 300 K the mean time for a proton transfer is of the order of 2 ps.
However, as it has been indicated in some recent experimental findings 68, 85 PTs still occur.
When the proton is confined inside the graphene channel, the PT times increase dramatically, becoming of the order of 20 ns when the channel is 0.7 nm wide. Activation energies for PT has been estimated to be in the range of 2-12 kJ/mol, in reasonable agreement with experiments 66,67 , which reported a value of 10 kJ/mol for proton transfer in surface ices.
Diffusion of the proton tends to decrease when the system is cooled down, changing from 0.94Å 2 /ps at 300 K up to a factor 5 fold smaller at 100 K for the unconstrained case. Conversely, when the system is heated up, diffusion increases about a factor 3 (at 600 K). In constrained geometries, diffusion is strongly reduced at low temperatures, becoming one order of magnitude smaller than for the bulk counterparts. When we move to high temperature environments, diffusion increases in a smaller scale reaching values comparable to those of the corresponding unconstrained states. This would suggest that confinement and temperature are factors both affecting transport properties of the proton, but playing opposite roles. In our previous study 43 , it was pointed out that the role of the Grotthuss mechanism should become less important at low temperatures. This was easily estimated using random walk arguments. In the present case we can estimate that the typical distance Proton in Zundel and Eigen complexes in gas phase at 298 K have been also included. 
